Cortical surface vessels were monitored through closed cranial windows with an epifluorescence microscope and SIT or ICCD cameras. Fluorescent dex trans or 1.3 fLm latex beads were injected into the con tralateral jugular vein for plasma labeling and for vascular transits. For close arterial transits, these tracers or phys iological saline were injected into the ipsilateral external carotid artery. A VTTs were calculated from intensity dif ferences of tracers between a branch of the MCA and a vein draining the same cortical region over time. AVTTs for saline dilutions of RBCs were significantly shorter (0.73 times) than for dextrans. Both dextrans and beads distributed with plasma. With FITC-dextran, inner diam eters of arterioles and venules averaged 6 fLm larger than hemoglobin under green light. This difference was likely due to the segregation of red blood cells and plasma dur ing flow. Velocities of individual fluorescent beads were
measured in pial vessels by strobe epi-illumination. Plots of bead velocities against radial position in arterioles were blunted parabolas. Peak shear rates in the marginal layer next to the vessel walls were determined directly from bead tracks in arterioles (D = 21-71 fLm) and were 1.32 times the Poiseuille estimate. The calculated peak wall shear stress was 39 ± 14 dyn/cm2 (mean ± SD) for these arterioles but was probably severalfold greater in the smallest terminal pial arterioles. V max near the axes of arterioles increased with D+O.5• The calculated peak wall shear rate was highest in small arterioles and decreased with D-O.5• The calculated flow Q increased with D+2.5• These methods permit direct, simultaneous, dynamic measurements on multiple identified cerebral microves sels. Key Words: A V transit time-Diameter-Arteri oles-Mouse-Strobe-Velocity-Venules-Whisker barrels.
and our ultimate goal is to determine, by direct ob servation, how local neural activity in the brain al ters blood flow of the rodent barrel cortex (Wool sey, 1990; Woolsey and Rovainen, 1991) . Roy and Sherrington (1890) first suggested that active ner vous tissue released metabolites that dilated blood vessels to increase blood flow to match the in creased metabolic rate. Brain imaging, such as with positron emission tomography (PET), makes use of increased CBF as a sensitive indicator of cortical activity, in humans performing complex tasks (Fox et al., 1988; Petersen et al., 1990) . Winn and col leagues have measured the dilation of rat pial arter ies in response to sciatic nerve stimulation using video microscopy with hemoglobin (Hb) as the in travascular marker (Ngai et aI., 1988) . In their model adenosine is involved (Ko et aI., 1990) , but sympathetic and cholinergic vessel innervation is not (Ibayashi et aI., 1991) .
The present study used closed cranial windows in mice and implemented modern video microscopic methods and fluorescent tracers (also see Villringer et aI., 1989) for measuring (a) the arteriovenous transit time (A VTT) similar to that used previously in muscle microvessels (McKay and Lipowsky, 1988) , (b) diameters, and (c) velocities by strobe illumination of nonoccluding fluorescent beads (Rovainen et aI., 1992) . Here we describe the details of these videomicroscopically based methods. We have outlined the salient features of the barrel cor tex as a biological model and presented some re sults obtained with the present methods previously (Woolsey and Rovainen, 1991) . The present meth ods were used in studies to determine dynamic changes in arterioles in rats during whisker stimu lation (Cox et aI., 1991) and during postnatal devel opment in mice (Wang et aI., 1992) .
METHODS
Experiments followed University-approved protocols meeting NIH, Society for Neuroscience, and American Physiological Society guidelines. Adult Swiss-Webster mice of both sexes were anesthetized in three ways: i. p. injection of 60 mglkg of Na pentobarbital supplemented at 20% of the initial dose (e.g., the animal shown in Fig. 3 ); 1 glkg of urethane i. p. supplemented at 20% of the initial dose (e.g., animals shown in all other figures and Table  1 ); or 1 glkg of urethane i.p. supplemented by inhaled methoxyflurane (very rarely; Metofane from Pitman Moore, Mundelein, IL, U. S.A.). The methods described are valid for all three kinds of anesthesia. The right jug ular vein or the left external carotid artery was cannulated with heparinized 0.62 mm o. d. Silastic tubing for tracer injections by either route. A closed cranial window (Morii et al., 1986) was placed over the left somatosensory cor tex (Woolsey, 1967) . Specifically, the chamber was cen tered at the midpoint between the frontal and occipital poles (seen through the moist skull) and over the crista frontalis (the origin of the temporalis muscle) just dorsal to the zygomatic process of the temporal bone. A stain less-steel ring (6 mm o.d., 5 mm i. d., 1-2 mm deep) was fixed to the skull with dental acrylic cement. The parietal bone within the ring was scored to the inner table with a 0.88 mm diameter dental burr and gently lifted with a sharpened dental tool. The dura was carefully opened and reflected to expose the pial vessels. The chamber was filled with 37°C artificial CSF (ACSF) at pH 7. 5 (Rovainen et aI., 1992 ; modified from Morii et aI., 1986) . Within the closed cranial chamber, Peo 2 and P0 2 were assumed to reach steady states. The chamber was closed with a glass coverslip but was not sealed. The intracranial pressure was assumed to be slightly above atmospheric. Full monitoring of physiological parameters, which is now routine in our rat studies, was not necessary to dem onstrate the validity of these methods. With practice, preparations were completed in less than 2 h after the initial injection of anesthetic, and over 80% were success ful; they were studied for at least 1 h following installation of the cranial window.
Fluorescein isothiocyanate (FITC)-dextran (MW 150,000) at 2% in 150 mM NaCI or 5% rhodamine-� dextran (MW 9000 or 73,000) was injected into the jugular vein in a 50 111 bolus (both markers from Sigma Chemical Co., St. Louis, MO, U. S.A.). For close arterial injections through the external carotid, the dextrans were diluted 20 times and injected as 10-20 111 volumes. Plain or carbox ylated yellow-green (YG) fluorescent latex beads, 1. 3 11m diameter (Polysciences, Warrington, PA, U.S.A.), were suspended and diluted 3 or 10 times in saline. Bolus in jections of beads and of saline into the external carotid were 20-30 111. Less than 500 mg/kg of dextrans and beads were used in an experiment.
The animals were secured by a head holder (Woolsey, 1967) in a micromanipulator under 4x , lOx , and 40x (ELWD, 10 mm working distance) objectives of a Nikon Labophot epifluorescence microscope. Reflected oblique green light (510-530+ nm) was used for Hb in red blood cells (RBCs). Light from a conventional 75 W Xe bulb was attenuated with neutral density filters for epifluores cence of tracers. The potential warming of the cortex was tested with unattenuated blue epi-illumination through the 40 x objective into a 0.2 ml suspension of YG beads in a 7 mm x 7 mm plastic well. The temperature in the well monitored with a thermister probe increased by less than 0. 3°C over 8 min.
Images were recorded with a silicon-intensified target (SIT) camera (Dage 66, Michigan City, IN, U.S. A. ) or with an intensified charge-coupled device (ICCD) camera (Quantex, Matteau and Assoc., San Carlos, CA, U.S.A.). Each camera had particular advantages: the SIT had bet ter resolution of vascular patterns and diameters; the ICCD had faster response times necessary for high frequency strobe illumination. For A V transits, either camera could be used with manual settings for gain and black to quantitate intensities of epifluorescence during AV transits. Persistence was tested by moving the tips of glass micropipettes filled with 0.01% fluorescein plus 30% India ink transversely across the epifluorescent field with intensities and camera settings that simulated conditions for A VTTs of FITC-dextran. The half-time for persis tence of SIT camera images was approximately 0.1 s. The same tests with the ICCD camera showed an approximate 0.03 s half-time (one video frame) for onset of fluores cence and 0.04-0.05 s half-times (one to two frames) for persistence. The most rapid rise times in arteries were artifactually slowed by the SIT camera, but slower ve nous transits were proportionally less affected. The effect of camera persistence on the calculated A VTT was tested in mathematical simulations with arterial transits as square pulses and the venous transits as slower triangular pUlses. Pairs of arterial and venous transits were trans formed with exponential rise and fall with the same time constant for each pair, but in separate transformations the time constants were 0.4 or 1 times the arterial transit. The A VTTs as difference integrals between the arterial and venous transits were the same before and after transfor mation. Thus, the lag time of the SIT camera should not have distorted measurements of A VTTs. The SIT camera was used during injections of tracers into the internal jug-ular vein (Fig. I) , and the faster ICCD camera during injections into the external carotid artery (Fig. 2 , Table 2 ) .
Experiments were recorded on video tape with Emer son Radio (North Bergen, NJ, U. S.A. ) VCR 1000 or Mit subishi (Cypress, CA, U. S.A.) BV-lOOO VHS recorders. Errors in intensities introduced by the video recorders were measured by monitoring the video signal on a DC oscilloscope during playback from the recorder, as sug gested by Dr. S. Pagakis. The region of a gray date-time display on the displays shifted by 10-20% during fluores cent transits in the recorded fields of blood vessels. Video-recorded intensities are uncorrected (see the Dis cussion section). However, during direct transmission to the oscilloscope from the SIT camera under manual gain and black settings, the signal intensity of the date-time marker was faithfully transmitted despite large changes in light intensity of the field. Some of the A VTTs after ex ternal carotid injections were digitized directly from the ICCD camera with manual settings and did not include the artifactual shift. Automatic settings on the cameras were used when contrast was more important than inten sity as for mapping pial vessels with green light, for A VTTs were determined after boluses of tracers were injected into the general circulation ( Fig. 1) or into the carotid artery ( Fig. 2) . On the digitized images from video recordings, specific sampling areas were selected over the middle cerebral artery (MCA) and its branches, large veins, and small arterioles and venules ( Fig. lA) . Mean gray scale values in the arterial and the venous sampling areas and in whole frames (excluding the date-time dis play) were measured ( Fig. lB) at 100 or 200 ms intervals.
The calculation of the mean A VTT was by the diff er ence integral method. The principal advantage of this ap proach is that it compares the additional delay in time in a particular vein to a paired artery and is independent of the time course of injection or arrival of tracer at the artery. The A VTT was valid even when the bolus was interrupted by an arterial pulse of RBCs or when the ar- In this and in subsequent figures, the time scale is from the video timer. C: Correction for the recirculation of tracer was made by extrapolating the falling phases of fluorescence in semilog plots. The recirculation time for dextran was measured as the difference in latency (l) between the first appearance of fluorescence in the artery and a secondary rise deviating from the exponential decrease. 0: Corrected transits for the artery and vein were integrated over time. E: The asymptotic plateau values were normalized to 1.0. The AVTT between any pair of vessels was calculated as the time integral between the arterial and venous curves. AVTTs were shorter between pairs of smaller, distal vessels than larger, proximal ones.
terial and venous time courses were delayed by slow cam era responses (see above). Initial declines in fluorescence in artery and vein were fit by single exponential slopes in semilog plots and these were used to complete the ideal ized dilution of label and to correct for recirculation ( Fig.  IC) . Transits starting and ending at zero baselines were integrated and normalized to 1.0 maxima ( Fig. 1D ). An additional integration of the difference between the arte rial and venous curves gave an area with dimensions of fractional change x seconds. This area represents the mean time difference in cumulative normalized intensity between a particular artery and vein over the extrapo lated transit of fluorescence or saline. Strobe epifluorescence was used to measure velocities of 1.3 !-Lm YG beads in arterioles and venules, as previ ously reported (Rovainen et aI., 1992) . A strobe bulb was substituted in the Nikon epifluorescence microscope, de focused, and driven at 400 Hz by a GenRad (Concord, MA, U.S.A.) 1538A stroboscope. Images were recorded through the 40x ELWD objective with the Quantex ICCD camera at 30 Hz. Tracks of individual beads in single video frames appeared as series of spots. Eighty to 300 bead tracks during recording periods of 10-70 s were reviewed for each vessel. The distance between spots was measured in !-Lm from the fastest 5-10 tracks. The longest interval was divided by 2.5 ms and taken as V max' The criterion was at least three spots in a line at similar spacings. Longer intervals due to possible masking of a spot by RBCs or to different beads were excluded. To measure bead velocities during the cardiac cycle, the ECG was recorded from subcutaneous Teflon-coated sil ver wires (o.d. = 200 !-Lm) on a Tektronix (Beaverton, OR, U.S.A.) oscilloscope with a ITC-48 video camera (Ikegami, Tokyo, Japan). These were inserted as a win dow in video frames from the ICCD camera with a digital picture-in-picture device (American Dynamics 147, War rensburg, NY, U.S.A.). The ECG phase was calculated as the delay after the R spike (minus 1/60 s) divided by the period between R spikes (Wang et aI., 1992) .
For the analysis of flow in arterioles, we used a sim plified model of idealized Poiseuille flow. This model as sumes laminar flow in long uniform cylindrical tubes and uniform viscosity (Newtonian fluid). Standard equations are as follows:
(1)
where D is the diameter in cm = 2R; dVldr w is the rate of change of velocity in the fluid layer dr next to the luminal wall in s -I; 'Y w is the wall shear rate in s -I; 'Y w peak is the maximal wall shear rate during the cardiac cycle in s -1; T) is viscosity in dyn s/cm2; Q is the flow in cm3/s; Qpeak is 1993 the maximal flow in a vessel during the cardiac cycle in cm3/s; r is the radial distance from the axis of a cylindrical vessel in cm; R is the radius of the vessel in cm; (I w peak is the maximal wall shear stress during the cardiac cycle in dyn/cm2; VCr) is the velocity in a particular radial lam ina in cmls; 11 is the mean velocity in a cross-section of a vessel at a particular time in cm/s; Va xial is the fastest velocity in the center of a vessel at a particular time in cm/s; V max is the maximal velocity in a vessel along its axis during the cardiac cycle in cm/s; and Vpeak is the fastest velocity observed at any particular radial distance. Video frames of strobed beads in the marginal layer of plasma next to the luminal wall permitted an independent direct estimate of the shear rate across this layer. The marginal shear rate equalled the peak velocity 3 !-Lm from the luminal border divided by the 3 !-Lm distance. This would equal the peak wall shear rate [Eq. (12) ] with the assumption that the laminar velocity declined linearly over this short distance to zero velocity at the wall [Eq. (7)]. RBCs are absent from the marginal layer during flow, and the wall shear stress was calculated from plasma viscosity x shear rate [Eq. (13) ]. The comparison ratio was the observed peak marginal shear rate divided by the Poiseuille peak wall shear rate from Eq. (11). To compare observed and theoretical shear rates and ob served and theoretical V max at the same flow rates, the peak flow Q through the arteriole was calculated first by integration of peak velocities x areas of laminar rings from the walls to the centers of the vessels. Then a new, theoretical V max (greater than the observed value) was calculated for Poiseuille flow with Eq. (6). Finally, the parabolic profiles of Poiseuille peak velocities were calculated from Eq. (1). Consequently, the Poiseuille slopes for shear rate based on flow in Fig. 6 are steeper than when calculated directly from the observed V max times 41D.
RESULTS

Arteriovenous transit times
A VTTs were determined either after a general intravenous bolus injection ( Fig. 1) or after a close arterial injection into the ipsilateral external carotid (Fig. 2 , Table 1 ). The differences from injections at the two sites were as follows: (i) Small volumes of tracer were injected into the external carotid be cause they were less diluted on the path to the MCA. More test injections could be made without significantly increasing background labeling in plasma. Saline dilutions of RBCs were practical from the external carotid but not from the jugular vein. (ii) The time profiles for transits depended on the time course of injection. These remained rapid after external carotid injections. After intravenous injections, transit profiles were slowed during flow through this more indirect route.
Injections of FITC-dextran into the jugular vein showed initial and secondary peaks of fluorescence in cerebral arteries. The later peak represented a second passage of label due to recirculation. The latencies of the initial fluorescence increase and of the secondary increase in a semilog plot of intensity 
Zi' E 0. in a cerebral artery are shown in Fig. 1 . The recir culation time was taken as the difference between these latencies of initial fluorescence and of the later secondary increase in the MeA [double-ended arrow (L) in Fig. IC] . Under optimal conditions, the recirculation times were approximately 3 s and the cerebral AVTTs were 0.5 s. In preparations with slower circulation times, the two values increased together linearly.
A VTTs with different tracers were compared di- ±0.240 (SD) p < 0.0002 p = 0.07; NS a These three transits are illustrated in Fig. 2. rectly. Transits after external carotid injections of FITC-dextran, 1.3 /-Lm YG beads, and saline dilu tions of red cells were measured at the same sites after successive small injections (Fig. 2) . The order of injections was saline, dextran, and beads, and was sometimes repeated. The A VTTs at the same sites on the artery and vein were similar for dextran (0 .65 s) and for beads (0.60 s), but the transit due to dilution of RBCs was faster (0 .35 s). The results from two experiments on line and from tape records of seven other experiments with external carotid injections are in Table 1 . The A VTT for dextran in each preparation was taken as the standard for a plasma marker. The mean ratio of the A VTT for dilution of RBCs to that of dextran was 0.726 ± 0.212 (SD, N = 8), which is significantly different from 1.0 (p < 0.0002 ; two-tailed t test). The mean ratio of the AVTT of 1.3 /-Lm beads to that of dextran in Table 1 was 0.853 ± 0.240 (SD, N = 9), which is not significantly different from 1.0 (p = 0.07) . Transits of 1.3 /-Lm beads and FITC dextran were compared directly after bolus injec tions of tracers in the contralateral internal jugular vein in six additional experiments. The mean ratio of the A VTT for beads to that for dextran in four preparations was 0.972 ± 0. 150 (SD). In two others, the transits for beads in the veins resembled those for FITC-dextran, but in these two arteries some beads moved slowly in the marginal layer along the luminal wall, giving unusually prolonged tails for arterial transits. Superimposed normalized integrals of arterial and venous transits showed that the ar-J Cereb Blood Flow Metab, Vol. 13, No. 3, 1993 terial transit curves were obviously distorted and gave ratios for bead/dextran transit times of 0.38 and 0.57, respectively. Slower flow near the luminal wall did not affect the V max based on the fastest axial bead tracks (see below).
Inner diameters of arteries and veins
Diameters of arteries, arterioles, venules, and veins were consistently larger when imaged with epifluorescence and FITC-dextran than with re flected green light absorbed by Hb (Fig. 3) . Inner diameters were measured at the same sites in digi tized images of vessels taken through lOx and 40x objectives during alternations of the two types of illumination in vessels already filled with FITC dextran. The mean difference ± SD of diameters, fluorescence minus Hb, for pial arterioles and ar teries was 5.86 ± 1.77 /-Lm (n = 27) and for venules and veins was 6.86 ± 1.74 /-Lm (n = 26). These differences were highly significant (p < 0.0001 ; two tailed t test) and were observed in vessels 5 to 90 /-Lm in diameter.
The possibility that differences were due to the optical, video, or computer instrumentation was tested with thin-walled glass capillaries filled with 25% India ink plus 0.025% fluorescein in saline im aged under oil under the same microscopic objec tives. The mean ± SD diameters were significantly smaller (p < 0.002) with epifluorescence than with transmitted light; the mean difference ± SD, fluo rescein minus ink, was -0.95 ± 1.88 /-Lm (n = 40), in the opposite direction than in blood vessels. Low intensities of illumination were used with the SIT camera, but it was possible that epifluores cent lighting provoked vasodilation. This was tested by rapid shuttering of the epi-illumination. Diame ters of arterioles and venules were measured in sin gle video frames before, during, and after opening and closing the shutter. Apparent diameter changes were evident in less than 0. 1 s (three video frames) for both onset and offset of epifluorescence and were subsequently sustained. Vasomotor responses would be expected to be much slower and not sym metrical.
Velocities of beads
Fluorescent beads consistently followed laminar paths in surface arterioles and venules. Tracks were parallel to the walls of the vessels, including branch points (Fig. 4) . Beads apparently traveled preferen- tially in the thin layer of plasma next to the vessel wall, both at the lateral edges and along the epi illuminated upper surface. Simultaneous micros copy of fluorescent beads and absorption of dim green light by Hb "gave the illusion that the beads traveled outside the vessel" (S. Cox, personal com munication) .
Hb absorbs some of the light emitted from YG beads. How deep inside the vessel could bead tracks be observed? This was tested by selecting arterioles of different diameters where they crossed over venules on the pial surface and monitoring the tracks of venular beads as they approached, passed beneath, and emerged beyond the arterioles. Bead tracks in venules could be imaged clearly through overlying arterioles up to 30 !-Lm in diameter. Bead tracks were dimmed or partially occluded under arterioles 30--45 !-Lm in diameter (Fig. 5 ), but still could be measured. The paths of underlying venular beads were obscured directly beneath arterioles 50 !-Lm and larger. These measurements underesti mated the depth at which the beads were seen, since there was absorption by overlying RBCs in the venule through which the beads were moving. If these thicknesses for absorption are similar for beads inside arterioles and arteries, then all internal tracks, including those at the far wall, should be recorded in arterioles up to 30 !-Lm in diameter; tracks in 60 !-Lm arterioles should be recorded at least to their axes; and V max could be sampled from occasional dimmed tracks near the axes of arteri oles up to 90 !-Lm in diameter.
Radial profiles of velocities from bead tracks are plotted in Fig. 6 . Many of the beads moved rela tively slowly near the edges and upper illuminated surface of the arteriole, as illustrated schematically in Fig. 6A . All bead tracks should have been visible in the 26 !-Lm diameter arteriole. At a distance of 3-13 !-Lm from the wall, the velocities both of slow beads near the surface and of fast beads in the core are plotted (Fig. 6B) . The gray line is the profile of the fastest measured bead velocities, and the solid line is the parabola expected from ideal Poiseuille flow. In the 63 !-Lm diameter arteriole (Fig. 6C) , bead tracks recorded near the center line should have included those near the axis. For these two arterioles and those below, the observed distribu tions of fastest bead tracks did not fit parabolas but instead were blunted near the centers and had higher than idealized shear rates near the walls.
The peak wall shear rate was determined with Eq. (12) directly in the marginal layer of 10 arteri oles 21-71 !-Lm in diameter (summarized in Rovainen et aI., 1992) . The Poiseuille peak wall shear rate was calculated from the observed V max X 41D [Eq. (11)]. The mean ± SD ratio of the marginal shear rate/wall shear rate from the Poiseuille model was 1.32 ± 0.38. The peak wall shear stress was calculated for these 10 arterioles from the measured J Cereb Blood Flow Metab, Vol. 13, No.3, 1993 maximal marginal shear rate x viscosity of plasma (0.015 dynlcm2 from Matrai et aI., 1987) and was 38.9 ± 14.4 dyns/cm2 (mean ± SD).
Bead velocities varied during the cardiac cycle. Figure 7 plots the velocities from 188 bead tracks in a 54 !-Lm pial arteriole. The envelope of fastest ve locities changed approximately 1.8-fold during the cardiac cycle with a surge near the 0.2 phase of the ECG.
The coefficient of variation (CV = SD/mean) was calculated for intervals in tracks of single beads with four or more spots. Accelerations and decel erations in tracks during the cardiac cycle were in cluded. For the 63 !-Lm arteriole in Fig. 6C , the mean ± SD for the CVs of 49 bead tracks was 0.118 ± 0.061. For a second combined group of arterioles with 32 bead tracks in six preparations, the mean CV was 0.119 ± 0.052. In 24 tracks from four fast venules in three preparations, the CV was 0.088 ± 0.037. The mean CV for intervals in bead tracks in venules was significantly less than for those in ar terioles (p < 0.01).
DISCUSSION
Analysis of transit times after bolus injections of tracers is a general approach that can be applied at any level of the circulation. An elegant example is the measurement of A VTTs of FITC-dextran through five orders of branching of specific arterial and venular trees in rat cremaster muscle (McKay and Lipowsky, 1988) . A VTTs by videomicroscopy are particularly useful because they can be mea sured for pairs of large and/or small vessels (see Fig. lA ), independent of the detailed time course of tracer in the artery, at rest and during stimulation, on line or later, and from video tapes after specific barrels and vessels have been mapped and identi fied in histological reconstructions (Woolsey and Rovainen, 1991) . A number of factors affect A VTT values: (a) RBCs, because of their mechanical properties, move away from the luminal wall and pass more rapidly through the microcirculation than plasma (Chien et aI., 1984) . For instance, in 10 preparations of cat cerebral cortex, the mean transit times were 3.7 ± 0.2 s for dilution of RBCs and 6.0 ± 0.3 s for passage of the plasma marker, carbon black (Tom ita et aI., 1983). FITC-dextran was the standard plasma marker in our preparations of mouse cortex, and we also observed faster A VTTs for dilution of RBCs. (b) Standard VHS tape recorders dimmed the brightness of date-time standards and by infer ence the brightness of measurement sites on arter ies and veins by 10--20% during fluorescent transits. The time course of the shift should approximate the changes in overall intensity of the field, but this needs to be tested for each video recorder. The overall effect was similar to, but less severe than, recording with a camera's automatic intensity ad-justment. A VTTs were apparently prolonged by de pression of both arterial tails and venous onsets and of slowing of both rising phases in arteries and tails of venous phases. This problem can be bypassed by direct connections of the camera on manual settings to the digitizer and the computer (Fig. 2) or with specially designed video recorders. Gray standards can be inserted on frames during recordings (S. Pa gakis, personal communication) and corrections made within the same rasters as the target area. (c) Epifluorescence recorded from surface vessels was dominated by FITC-dextran and beads in the su perficial marginal layer , while in thick vessels some of the light emitted from deeper FITC was absorbed by hemoglobin. This may have biased the A VTTs toward the more slowly moving plasma of the su perficial marginal layer at the sites of observation. The hatched line is a likely profile of Va x ial between R waves.
The heart rate was 540 beats/min, the arteriolar diameter with rhodamine-dextran was 54 ILm, and the period of recording was 7 min.
course but opposite in sign to tape recorder atten uation and would lead to an underestimation of AVTTs. (e) The fields of single arterioles and ve nules in cerebral cortex are not congruent. The ar chitecture of internal vessels suggests that penetrat ing arterioles can supply one barrel column but some emerging venules carry blood from more than one barrel (Woolsey and Rovainen, 1991) . Thus, the A VTTs between nearby arterioles and venules may include circulation through several cortical col umns. Diameters of arteries and veins were apparently larger by 5-7 fLm with epifluorescence of FITC dextran than with absorption of green light by Rb. Scattering of fluorescent light may increase the ap parent size by 0.3-1 fLm of capillaries and beads (Gretz et aI., 1991) but cannot account for the 5-6 fLm differences measured here. Our measurements of glass capillaries in oil had slightly smaller appar ent diameters with epifluorescence than with ab sorption with India ink. Vasodilation in response to epifluorescent illumination was not responsible, be cause apparent diameters with Rb or with FITC dextran changed within a fraction of a second as the shutter was opened and closed, whereas contrac tion and dilation by smooth muscle requires sec onds. Venular diameters showed similar immediate apparent changes under the two types of illumina tion as did arterioles.
J Cereb Blood Flow Me/ab, Vol. 13, No.3, 1993 The apparent diameter difference is likely due to the special rheological properties of and distribution of RBCs in small tubes and vessels; in particular, RBCs are excluded from a narrow layer of plasma at the luminal wall during flow (for a review, see Chien et aI., 1984) . FITC-dextran is a plasma marker and distributes into the cell-sparse layer and thus would be expected to reveal a larger diameter than the core of RBCs with hemoglobin. Dr. Steven Segal (personal communication) suggested an addi tional anatomical possibility: longitudinal folds may be present in vessel walls that do not admit RBCs. The folds likely become more prominent during va soconstriction and could increase the average FITC-hemoglobin difference in apparent diameter. Tight folds along the lumen would be expected to exclude or to slow 1.3 fLm beads. This was not ap parent in the profiles of bead velocities in relation to radial distances with FITC-dextran in Fig. 6 , but folds may have contributed to more prolonged tran sits in some arteries compared to those in their paired venules (see the comparison of A VTTs in the Results section).
AVTTs for small particles such as beads (o.d. = 1.3 fLm) and platelets (o.d. = 2.4 fLm) should be slower than for RBCs and even slower than for dex trans if they are extruded from the core of a vessel during flow. Platelets in whole blood travel prefer entially near the wall of small glass tubes and would be expected to have a slower mean transit time than plasma. Carbon black particles (2�50 nm in diam eter) had nearly the same mean transit time as a dye indicator in the cerebral circulation of the cat (To mita et aI., 1983) . Distributions of latex beads of different diameters in blood suspensions have been measured during flow in narrow rectangular chan nels, where 2.4-5.0 fLm-diameter beads formed near-wall excesses correlated with shear stress and deformability of the RBCs, but beads 1.0 fLm in diameter were distributed rather evenly within the suspending fluid (Eckstein et aI., 1988) . In our vid eomicroscopic recordings, 1. 3 fLm fluorescent beads moved preferentially in the plasma-rich layer near the walls of arterioles and venules. In many preparations, the AVTTs of beads were similar to those of dextrans, but in two arteries beads moved more slowly along the walls and artifactually short ened the mean A VTT. In future determinations of A VTTs with beads, a criterion for selection should be omission of runs where arterial transits are slower than venous transits. Prolonged or intense epi-illumination of the cortex and bolus injections of concentrated beads trapped beads in pial capillaries and veins. The former was minimized with neutral density filters to attenuate light, especially with the 40x objective. A benefit of the occasionally trapped beads was that they could be used as "fiducial" marks for identified regions and vessels. All capil laries in layer I of cortex in adult mice showed bead fluxes and flow was heterogeneous but not zero (Woolsey et aI., 1991) .
The simplest method for surveying velocities in arterial trees was to measure the maximum velocity (V max) in any particular vessel. The data from III arterioles in adult mice (Fig. 8) were previously re ported (Rovainen et aI., 1992; Wang et aI., 1992) . The velocities we observed in mouse cerebral arte- rioles and arteries are consistent with mean veloc ities in previous studies with different techniques in different species. Ma et al. (1974) used correlated dual slit photometry to measure mean velocities of RBCs in rat cerebral arterioles; after division by a correction factor 1.6 (Baker and Wayland, 1974) , their values for mean center velocity for arterioles of different sizes are as follows: 6.8 fLm, 5.8 mm/s; 13.7 fLm, 8.6 mm/s; 23.5 fLm, 13.8 mm/s; and 49 fLm, 26.3 mm/s. Kobari et al. (1984) used delay of a sa line bolus at two points to estimate velocities in cat cerebral arterioles; values from their regression line for mean velocities are 20 fLm, 7.1 mmls (V max of 21 mm/s); 50 fLm, 17.3 mm/s; and 100 fLm, 34.3 mm/s. Rosenblum (1969) measured twofold changes in ve locities of marginal red blood cells in mouse pial arterioles during the cardiac cycle. The surge during the arterial pulse was confirmed with bead veloci ties in the present study ( Fig. 7) .
If flow in arteries and arterioles obeys an ideal Poiseuille model with a radial parabolic profile of laminar velocities and if the wall shear rate and stress are constant thoughout the arterial tree, then V max should increase linearly with D, and Q should be proportional to D 3 (cube rule: Murray, 1926; Mayrovitz and Roy, 1983; Kobari et aI., 1984) . In arteriolar trees in cat skeletal muscle, the mean val ues for Q are approximately proportional to D 4 (Sul livan and Johnson, 1981). In our study, V max in creased approximately with the square root of the diameter. In a log-log plot of V max against diameters (Fig. 8A) , the line of best fit had a slope of 0.514 ± 0.084 (95% confidence interval; ±0.110 for 99% confidence). This is significantly less than the slope of 1.0 expected for direct proportionality of the ax ial velocity to the diameter. The peak wall shear rate for Poiseuille flow was calculated from 4 V maxi D, and this decreased with diameter with a log-log slope of -0.486 ± 0.084 (95% confidence; ±0.110 for 99% confidence; Fig. 8B ). This is significantly less than the zero slope expected for a constant wall shear rate. Likewise, the line of best fit to the log arithms of peak Poiseuille flow [Eq. (6)] against the logarithms of diameter in our sample of arterioles (Fig. 8C ) had a slope of 2.514 ± 0.084 (95% confi dence; ±0.108 for 99% confidence) and not the ex pected 3.00 (Mayrovitz and Roy, 1983) . Possible technical reasons for the differences between our data and the theoretical cube rule include the fol lowing: (i) The diameter was underestimated by a larger fraction for small arterioles than for larger arteries. In order to produce log-log slopes of 1.0 (V max) and 3.0 (flow) for the present data, 5-6 fLm would need to be added across the whole series of diameters of arterioles and arteries. Diameters were already measured with fluorescent dextrans as plasma markers and were unlikely to have been underestimated by this amount. (ii) The fastest beads may have been obscured and not measured in the largest vessels. In vessels larger than 60 flm, some bead tracks near the center of the vessel would be less visible. For the selected set of 6-60 flm arterioles alone, the log-log slope of the best fit for V max against diameter was 0.37 ± 0. 13 (95% confidence interval), even less than for the com plete data.
Two additional factors would favor higher values for V max in larger arterioles and would produce steeper log-log slopes. (iii) More beads, and there fore more bead tracks, were observed from a larger artery than for a smaller arteriolar branch in the same field and series and provided more opportu nity for faster intervals. (iv) The larger arterioles might have a greater surge of velocity during the cardiac cycle.
Possible biological reasons for differences from expected values include the following: (v) Larger arteries may have been dilated and/or small arteri oles constricted in our preparations. For arterioles in skeletal muscle, diameters were altered through out the arterial tree with different POz and with pa paverine as a vasodilator; distal arterioles were con sistently smaller than expected for a cube rule un der control conditions and during these treatments (Sullivan and Johnson, 1981; Koller et aI., 1987) . (vi) Finally, the wall shear rate and stress may not be uniform in the arterial tree and can be higher in small cerebral arterioles than in large ones. This trend is also present in the data of Ma et ai. (1974) ; the line of best fit in a log-log plot of their mean velocities against diameters has a slope of 0.63, and mean wall shear rates estimated from 4V!R [Eq. (9)] were highest for their smallest arterioles.
Videomicroscopic methods such as those used here have significant advantages for studies of the living cerebral microcirculation (Rovainen et aI., 1992 ; Wang et aI., 1992) . The temporal and spatial resolution of single vessels are excellent. There is considerable flexibility in selection of fields, mag nification, and review from video tape recordings. Changes in AVTT, V max ' and D over time can all be interrelated to obtain precise, complementary mea sures of local CBF. Many of the quantitative anal yses are now done by hand, but the prospects are good for increased automation. Transient and steady-state use of fluorescent plasma markers have a long history (e.g., Little et aI., 1979) , and as we have shown with current videomicroscopy and image processing lend themselves well to quantita tive functional evaluation of the circulation.
